Amylase was found in high activty (193 international units per milliam protein) in the tap root of alfalfa (Medcago satia L. cv. Sonra). The activity was separated by gel filtration chromatography into two fractions with molecular weights of 65,700 (beavy amylase) and 41,700 (light amylase). Activty staining of electropboretic gels indicated the presence of one isozyme in the heavy amylase fraction and two in the liht amylase fraction. Three amylase isozymes with electropboretic mobilties identical to those in the heavy and the light amylase fractions were the only amylases identified in crude root preparations. Both heavy and lht amylases hydrolyzed amylopectin, soluble starch, and amylose but did not hydrolyze puflulan or p-limit dextrin. The ratio of viscosity change to reducing power production during starch hydrolysis was identical for both alfalfa amylase fractions and sweet potato P-amylase, while that of bacterial a-amylase was considerably higher. The identification of maltose and -limit dextrin as hydrolytic end-products confirmed that these alfalfa root amylases are ail .8-amylases. Beta-amylase (a-1,4-glucan maltohydrolase, EC 3.2.1.2) is an exoamylase that attacks the nonreducing ends of starch molecules, producing ,B-maltose and fl-limit dextrin as products (22). Betaamylases are strictly plant enzymes that have been reported in ungerminated wheat and soybean seeds (11, 23); germinating barley, rice, sorghum, and wheat seeds (3, 6, 7, 15) ; sweet potato roots (1); broad bean leaves (5); and pea seedling roots (21).
Beta-amylase (a-1,4-glucan maltohydrolase, EC 3.2.1.2) is an exoamylase that attacks the nonreducing ends of starch molecules, producing ,B-maltose and fl-limit dextrin as products (22) . Betaamylases are strictly plant enzymes that have been reported in ungerminated wheat and soybean seeds (11, 23) ; germinating barley, rice, sorghum, and wheat seeds (3, 6, 7, 15) ; sweet potato roots (1) ; broad bean leaves (5); and pea seedling roots (21) .
Amylases are of particular interest in the perennial legume alfalfa (Medicago sativa L.), which stores large quantities of starch in its fleshy tap root. This starch serves as a carbohydrate reserve that is used for winter survival and shoot regeneration following harvest of the shoot as a forage (17, 19) . Amylase has been reported in high activity in the tap root of several alfalfa cultivars (8) , and activity staining of electrophoretically separated proteins on polyacrylamide gels has shown the presence of two or three isozymes of amylase in alfalfa tap roots (13) . In this study, we describe the separation, identification, and characterization of isozymes of 8-amylase from alfalfa root tissues. ' Supported by the College of Agricultural and Life Sciences, University of Wisconsin-Madison.
MATERIALS AND METHODS Plant Material. Alfalfa (Medicago sativa L. cv. Sonora) was planted in the spring as described previously (8) . In the autumn of the seeding year, plants were collected, shoots clipped to within 2.5 cm of crowns, and all secondary roots removed from tap roots. Trimmed plants were either potted and maintained in a greenhouse or washed, wrapped in wet cheesecloth and plastic, and stored at -2°C until use. Greenhouse-grown plants were inoculated with a mixture of Rhizobium meliloti strains (Nitragen Co., Milwaukee, WI) and irrigated with a nitrogen-free nutrient solution (9) .
Separation of f8-Amylase Isozymes. Whole tap roots were washed, chopped into small pieces with a razor blade, and then mechanically homogenized with a 'homogeniser' (Measuring and Scientific Equipment, London, UK), adding 10 ml extraction buffer (30 mm ethylenediamine (pH 7.0), 3 mm CaCl2) per g tissue. Crude homogenates were filtered through a 150-,um Teflon mesh, and the filtrate was centrifuged at 15,000g for 20 min. Amylase activity was concentrated from the 15,000g supernatant by adding PEG to make 20%1o of the supernatant volume and then adding two volumes of ethanol and centrifuging at 15,000g for 20 min. This 15,000g pellet was resuspended in extraction buffer and centrifuged again at 15,000g for 20 min. The pellet was again resuspended in extraction buffer and centrifuged at 15,000g and the pellet was discarded. The supernatants from the final two centrifugations were pooled and applied to a 2.5 x 90-cm column containing Sephadex G-75 gel (Pharmacia) equilibrated with extraction buffer. Extraction buffer was used to elute 5-ml fractions which were assayed for amylase activity. Amylase activity peaks were identified, and fractions were pooled into either heavy or light amylase preparations. Amylase mol wts were determined by calibrating the Sephadex column with proteins of known mol wt (BSA, 67,000; ovalbumin, 43,000; chymotrypsinogen A, 25,000; lysozyme, 14,000).
Enzyme Assays. Amylase activity was routinely assayed by measuring the rate of generation of reducing sugars from starch.
Appropriate dilutions of the enzyme preparations were made, and 0.2 ml of the diluted preparations was added to 0.5 ml of 100 mM succinate (pH 6.0). The reaction was initiated with 0.5 ml 5% (w/ v) soluble starch (Sigma) and terminated after 10 min by adding 0.2 ml alEaline dinitrosalicycic acid solution (2) and then placing immediately into a boiling water bath. Color was fully developed after 5 min, and tubes were removed from the bath, allowed to cooL diluted with 10 profile. For preparation of the Arrhenius plots, the routine assay was used, except that the enzyme and buffer mixture was allowed to incubate at the appropriate temperature for 10 min before initiating the assay. Ea2 values were determined as previously outlined (10 Viscosity experiments were conducted using an Ostwald-type viscometer at 30°C, with treatments described by Hultin (12) .
The maltose-inhibition experiment was performed, using the starch iodine color method, as described by Swain and Dekker (20) (8) . In contrast, activities of about 0.34 IU mg protein-' were found in alfalfa leaf tissue.
Gel filtration chromatography on Sephadex G-75 produced two peaks of amylase activity (Fig. 1) . The earlier peak corresponds to a mol wt of 65,700 and is referred to as the heavy amylase fraction, while the second, larger peak, corresponding to a mol wt of41,700, is referred to as the light amylase fraction. These are similar to reported mol wt for germinating sorghum fB-amylase (55,900) (3), soybean ,B-amylase (61,700) (11), wheat seed f8-amylase (64,200) (14) , and the monomer for sweet potato ,B-amylase (64,700), although sweet potato ,B-amylase is reportedly found as a tetramer with a mol wt of 197,000 (22) .
A 6-fold increase in specific activity was obtained during the fractionation steps taken in the preparation of the light amylase, while a substantial decrease in specific activity was obtained following the separation of the heavy amylase. Protein staining of slab polyacrylamide electrophoresis gels of the heavy and light amylase fractions showed the presence of multiple protein bands, indicating that these are not homogenous preparations (data not shown).
Activity staining of electrophoretically separated proteins for amylase activity showed the presence of three isozymes in the crude preparation (Fig. 2) Figure 3 for the light amylase fraction. Similar curves were obtained with the heavy amylase. Highest rates were obtained using amylopectin as a substrate followed by soluble starch and amylose. Neither amylase preparation hydrolyzed pullulan, indicating the absence of debranching enzyme of these preparations. Also, neither preparation would hydrolyze ,B-limit dextrin, suggesting that these are not endoamylases.
Viscosity Experiment. One way of differentiating exo-and endoamylases is by a viscosity assay, since the ratio of change in 718P to reducing power production is much higher for endoamylases than it is for exoamylases.
Preparations of the heavy and light amylases, sweet potato ,Bamylase, and bacterial a-amylase were appropriately diluted so that all contained about the same activity based on reducing power production. Their starch-liquifying power was measured in an Ostwald viscometer (Fig. 4) . The bacterial a-amylase rapidly decreased the viscosity of the starch and had a viscosity/reducing power ratio of 0.022 %s/timol reducing power. The sweet potato ,-amylase and both the light and heavy alfalfa amylases all reduced the viscosity of a starch solution similarly at a rate that was considerably slower than that of the a-amylase. The alfalfa and sweet potato amylases had identical viscosity-reducing power ratios of 0.003 %p/,smol reducing power. This indicates that the alfalfa root amylases, like sweet potato /1-amylase, are exoamylases. Product Analysis. Paper chromatography of the low mol wt products ofamylopectin hydrolysis by the heavy and light amylase preparations; bacterial a-amylase; and standards containing glucose, maltose, and maltotriose was performed (Fig. 5) . The bacterial a-amylase gave products having the same mobilities as the standards and also produced higher mol wt fragments. Both the light and the heavy alfalfa amylase preparations gave only maltose as an end product. Maltose production is a characteristic of ,8-amylase and strongly suggests that these are ,B-amylases. Product analysis was also performed on crude extracts. These also showed only maltose as a product.
Limit Dextrin Production. The production of a l-limit dextrin is also a property of/8-amylases, so an experiment was performed to determine the extent of amylopectin hydrolysis by the alfalfa amylases (Fig. 6) . Aliquots of light, heavy, and sweet potato ,Bamylases were incubated in solutions of 1% (w/v) amylopectin (with 100 mm succinate buffer [pH 6.0] ), and samples were taken at regular intervals; the extent of amylopectin hydrolysis was derived from the reducing power of the solution, compared to the maltose. After about 2 h, all of the preparations had hydrolyzed about 45 to 50%o of the amylopectin but would not further degrade it. Addition of fresh enzyme at 160 min (Fig. 6, arrow A) produced no further hydrolysis of the amylopectin; however, addition of about 20 units of bacterial a-amylase at 260 min (Fig. 6, arrow B) produced substantial additional hydrolysis in the first 20 min and resulted in a total of 84% hydrolysis in all preparations at 24 h.
Since the alfalfa amylases and sweet potato 81-amylase hydrolyzed amylopectin to nearly equal extents, and this product was still susceptible to further hydrolysis by a-amylase, it appears that the alfalfa amylases also produce ,l-limit dextrin as a product.
This evidence also suggests that the light and heavy amylases are all fi-amylases. Together, these four experiments-substrate specificity, viscosity-reducing power ratio, product analysis, and limit dextrin production-substantially demonstrate that these amylases obtained from alfalfa tap roots are ,l-amylases.
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pH Profile. To eliminate buffer effects on the pH profile, a single, wide-range buffer was prepared (containing 100 mM citrate, 100 mm ethylenediamine, and 100 mm Bicine) that has buffering capacity over a pH range of 2.0 to 11.0. Over a pH range of 2.5 to 9.0, it was found that both light and heavy amylases have pH optima of 6.0, although they retained at least 80%Yo of maximal activity over a pH range of 4.5 to 7.5 (data not shown).
Substrate (17, 19) . A regulatory mechanism that can be suggested from these data is that /1-amylase action is limited by the production of l8-limit dextrin, in that only about 50%1o of an amylopectin molecule is directly susceptible to /1-amylase hydrolysis. The presence of accompanying a-amylase or debranching enzyme would be necessary for further hydrolysis to occur.
Whereas ,8-amylase clearly represents the predominant amylase activity, subsequent experiments using a chromogenic substrate specific to a-amylase have detected a-amylase in crude alfalfa root preparations with activities of about 0.2% that of (8- 
